Abstract: Stand production and sustained yield calculations are largely affected by tree mortality, which can be caused by many factors such as competition, insect damage, or climatic events. In the eastern Canadian boreal forest, spruce budworm (Choristoneura fumiferana (Clem.)) defoliation can produce varying levels of mortality in balsam fir (Abies balsamea (L.) Mill.) stands. This mortality was estimated for the entire range of balsam fir in Quebec, Canada, using historical records of insect defoliation and permanent sample plot (PSP) inventories for the 1970-2003 period, which includes the last insect outbreak. A two-step approach was used to model balsam fir mortality at the stand level. The first step predicts the probability that all balsam fir trees within a PSP will survive during a given time interval. The second step quantifies the amount of mortality for PSP observation periods during which mortality actually occurred. The whole model shows that spruce budworm defoliation may account for between 6% and 100% of the merchantable volume lost due to mortality, depending on outbreak severity. A model evaluation made with an independent data set indicates that the model is unbiased, although the prediction error is relatively large at the stand level but decreases with increasing prediction horizon.
Introduction
Tree mortality is a natural process that plays important roles in forest ecosystems, as dead and dying trees provide critical habitats for many animal species and valuable seedbed conditions for many plant species (Franklin et al. 1987) . Moreover, tree mortality has a strong impact on stand production and, consequently, must be included in growth and yield models, as these models are known to be very sensitive to the periodic volume lost to mortality, especially when the projection horizon increases (Monserud and Sterba 1999) .
However, tree mortality is very difficult to predict, since it is a complex process that can be caused by many interrelated factors such as competition, insect damage, diseases, and climatic events.
Tree mortality can be divided into two broad categories based on the consistency of its occurrence and thus on its predictability (Lee 1971) . First, regular mortality, which is considered to be predictable, is mainly caused by the inability of some trees to compete successfully for light, water, and nutrients, a phenomenon also called self-thinning (Peet and Christensen 1987) . Evert (1981) considers that regular mortality also encompasses the endemic losses due to the permanent presence of diseases and insects that slowly decrease tree vigour, while Vanclay (1994) includes in this category all mortality arising from normal incidences of pests, diseases, and weather events that typically occur less than once every 10 years. Second, irregular mortality is defined as tree death caused by insect epidemics, fires, windthrows, etc., which occasionally affect many individuals over a short period of time (Vanclay 1994 ). This type of mortality is thus often referred to as catastrophic mortality, and because of its stochastic nature, it is difficult to predict where and when irregular mortality will occur as well as the extent of its effects (Evert 1981) .
In the eastern Canadian boreal forest, spruce budworm (Choristoneura fumiferana (Clem.)) defoliation can produce varying levels of mortality in stands dominated by its preferred host, balsam fir (Abies balsamea (L.) Mill.) (Belyea 1952; MacLean 1980; Beaulieu and Hardy 1982; Bergeron et al. 1995; MacLean and MacKinnon 1997; Erdle and MacLean 1999) . A reconstruction of the past spruce budworm epidemics since the mid 16th century in Quebec, Canada, suggests that outbreak frequency has remained quite stable, with a mean interval of about 40 years (Boulanger and Arseneault 2004) . Hence, for a long projection period typical of sustained yield calculations, it is possible to approximate the time period at which an outbreak could occur despite the irregular nature of this source of mortality. However, the impact of a given outbreak on forest yield is more hazardous to predict, since it depends on many factors among which the forest composition at the stand and the landscape levels seems important to consider (Bergeron et al. 1995; MacLean et al. 2001; Nealis and Régnière 2004) . To provide alternatives to forest managers, some future defoliation scenarios can be proposed for each management unit together with their respective impact on forest yield. Therefore, relationships between these defoliation scenarios and tree mortality would be very useful for sustained yield management as far as these relationships are valid for large territories.
In Quebec, historical records of insect defoliation are available for all the forest territory (cf. Gray et al. 2000) . Pothier et al. (2005) demonstrated the utility of this data set by relating defoliation observations to diameter growth of individual balsam fir trees. Because the difference in scale between defoliation assessments (~58 km 2 ) and the projected tree area (~10 m 2 ) is larger than that between defoliation assessments and inventory plot area (400 m 2 ), we can expect that plot-level mortality measurements should also be related to defoliation records. To our knowledge, mortality caused by spruce budworm over large territories like the province of Quebec has never been modelled before. This is now possible by taking advantage of the availability of two sources of data: large-scale annual defoliation inventories and long-term survey of an extensive network of permanent sample plots. We thus hypothesize that stand-level mortality due to spruce budworm can be modelled using historical defoliation records and stand-level variables. This hypothesis will be tested by proceeding through the following steps:
(1) developing a model that is compatible with the data available from repeated measurements of permanent sample plots; (2) creating variables representing different sources of mortality, such as competition, senescence, and spruce budworm defoliation; (3) evaluating the model with an independent data set; and (4) isolating the effect of spruce budworm defoliation in the model to empirically quantify the impact of different potential scenarios.
Materials and methods

Sampled stands
The stands sampled for this study were selected from a network of permanent sample plots (PSPs) established by the ministère des Ressources naturelles et de la Faune du Québec (MRNFQ) beginning in 1970. PSP selection was based on a stand composition criterion to limit the scope of this study to balsam fir stands, which were defined as stands composed of at least 50% of merchantable basal area in balsam fir. The stand composition criterion was applied to the first inventory of PSPs, but not to later inventories even if mortality caused by spruce budworm defoliation decreased the fir proportion in some stands. Following this criterion, 1076 PSPs were selected to represent a large range of growing conditions and stand characteristics. The repeated inventories of these PSPs covered periods of 5 to 31 years during which spruce budworm defoliation occurred in most PSPs that were surveyed in the 1970s and the 1980s. These 1076 PSPs were then randomly divided into two groups by using the last number of the plot identification number, which was always 1 or 2 because PSPs were established in pairs. As recommended by Vanclay (1994) , one group was devoted to the calibration of the model (552 PSPs), while the other was kept to evaluate the performance of the model (524 PSPs). The main characteristics of these two groups of PSPs are summarized in Table 1 . According to Vanclay (1994) , the evaluation of the model performance with an independent data set is better than cross-validation to demonstrate its overall quality.
Data collection
The selected PSPs were inventoried two to four times during the snow-free periods between 1970 and 2003. The in- ventory consisted in measuring the diameter at breast height (1.3 m, DBH, ±1 mm) of each tree larger than 9.0 cm within a 400 m 2 circular plot and in determining the age and the height (±0.1 m) of at least three dominant trees. The diameters of both live and dead trees were measured during these inventories, and this information was used to determine the mortality, expressed as number and volume of dead trees, that occurred between two inventories. The periodic measurements of each PSP allowed us to compute many state variables that were submitted as explanatory variables to the mortality regression models. To take into account the effect of tree competition on mortality, many variables were calculated to represent the level of crowding in a stand. This is the case for variables such as the number of trees per hectare, the mean quadratic diameter, the merchantable volume, the relative density index, which is the ratio of the observed stand density to the maximum density a stand can support for a given mean tree size (Drew and Flewelling 1979) , the dominant stand height based on the 100 largest balsam fir trees per hectare, and the relative spacing index, which is a function of the number of stems per hectare and the dominant stand height (Álvarez González et al. 2004 ). Other variables submitted to the mortality regression equations included the proportion of stand volume occupied by balsam fir, the stand age, since it could be related to tree senescence (Pothier et al. 2004) and to the risk of mortality caused by spruce budworm defoliation (MacLean 1980) , and the number of years between two successive measurements of PSPs. Squared values of age and mean quadratic diameter were also submitted to the model to capture a U-shaped mortality trend caused by tree senescence at older ages (Monserud and Sterba 1999; Yang et al. 2003) . Moreover, the latitude and the longitude of each PSP were used to determine the historic of spruce budworm defoliation according to surveys made annually by the MRNFQ.
Defoliation record
The number and the volume of dead balsam fir trees between two measurements were related to insect defoliation records estimated from aerial surveys performed annually by the MRNFQ for the entire balsam fir range of the province of Quebec. As described by Gray et al. (2000) , these surveys consisted of parallel (south-north) flight lines, 5-10 km apart, at an altitude of 180-250 m. Cells of 5 min (latitude) by 5 min (longitude) were then formed and identified by the coordinates of their centers. An average level of tree defoliation was assigned to each of these cells, which averaged 58 km 2 in size. The tree defoliation codes were as follows: 0, no observable defoliation; 1, light defoliation (<35%); 2, moderate to severe defoliation (≥35%). Even though these defoliation classes seem rather broad, the defoliation level separating the two larger classes corresponds to a critical value (35%) below which survival rates are quite stable (Erdle and MacLean 1999) . The surveys were conducted from late June in the southwest of the province to early August in the northeast according to regional climate and tree phenology.
Defoliation impact
The geographical information of observed defoliation cells was used to assign a historical defoliation record to each selected PSP according to its latitude and longitude. This historical defoliation record was used to compute an annual index of ring-width reduction according to an equation developed by Pothier et al. (2005) :
where RWRI n is the ring-width reduction index calculated at year n, NbS is the number of years of moderate to severe defoliation between two inventories, and the other variables correspond to annual defoliation. The names of these variables are composed of the defoliation level (L, light; S, moderate to severe) and the year of defoliation, where n corresponds to the current year. The RWRI was computed for each year covered by the inventories of each PSP and then summed for each period between two inventories. The use of this index to explain mortality implies that we hypothesized that balsam fir mortality observed in a PSP during a certain period of time is mainly related to the diameter growth reduction of dominant balsam fir trees caused by spruce budworm defoliation (Pothier et al. 2005) .
Model development
As proposed by Woollons (1998) , Fridman and Ståhl (2001) , Eid and Øyen (2003) , and Álvarez González et al. (2004), we used a two-step approach to model balsam fir mortality at the stand level. This approach has the advantage of using the information of all PSPs while avoiding modelfitting problems when mortality is not observed in many PSPs or overestimation problems when only PSPs that have experienced mortality are used. Following the preceding authors, the first step of this procedure consisted in estimating the probability that balsam fir mortality occurs between two measurement periods in PSPs. Since this procedure implies that the dependent variable is discrete, as it can only have a value of 0 (absence of mortality) or 1 (presence of mortality), logistic regression is widely used to predict the probability of mortality occurrence (e.g., Monserud 1976; Woollons 1998; Monserud and Sterba 1999; Fridman and Ståhl 2001; Eid and Øyen 2003; Álvarez González et al. 2004 ). The logistic model took the following form:
where P is the probability of survival for all trees in a PSP over a time interval of t years between two measurements (mortality is given by 1 -P), b i 's are parameters to estimate, and X i 's are explanatory variables. The LOGISTIC procedure of the SAS system, coupled with the stepwise option, was used to determine the main explanatory variables related to survival probability. However, the LOGISTIC procedure cannot take into account the irregular intervals of time between two PSP measurements. Hence, the selected variables were then submitted to the NLIN procedure of the SAS system with a weight option corresponding to the inverse of P t (1 -P t ) (Lynch et al. 1999 ). This procedure was used to fit a model composed of different combinations of the previously selected variables. To limit the number of combinations, the explanatory variables were grouped into four categories: variables related to stand vertical development, to stand density, to stand composition, and to spruce budworm defoliation. Then, all possible combinations of these variables (one per category) were introduced in a model fitted by the NLIN procedure, and for each combination, we calculated the Hosmer-Lemeshow goodness-of-fit test (Hosmer and Lemeshow 1989) using the observed and predicted survival probabilities. This procedure resulted in a chi-square statistic (χ HL 2 ) and an associated probability (p), which were used to determine the best combination of variables that predicts the probability of survival. The best model was characterized by the smallest χ HL 2 value and the largest p value. The use of the time interval as an exponent in eq. 2 requires that the observations within each PSP are independent, i.e., that the mortality observed during a given period does not influence the mortality observed during the following period. Although this hypothesis seems doubtful for regular mortality such as competition mortality in dense stands, the violation of this assumption is considered to have little impact on prediction values (Monserud 1976; Eid and Øyen 2003; Yang et al. 2003; Álvarez González et al. 2004 ). This model fitting procedure was performed with the 552 PSPs reserved for model calibration.
The second step of the model development consisted in quantifying tree mortality solely for PSP measurement intervals during which balsam fir mortality was recorded. We sought a model structure that could allow us to identify the source of mortality and quantify balsam fir mortality for each of these sources. Furthermore, the parameterization of the model had to take into account the possible autocorrelation between measurement intervals within each PSP and the expected heterogeneity of the variance. After testing many models, the preceding characteristics were satisfied with a multiple linear regression that performed as well as more complex model structures. The model thus took the form
.. where M ′ is balsam fir mortality expressed as the number of stems per hectare or merchantable volume per hectare and calculated from only PSPs within which mortality occurred, b i 's are parameters to estimate, and X i 's are independent explanatory variables. Hence, a weighted multiple linear regression was fitted to the data using the MIXED procedure of the SAS system to deal with the heterogeneity of the variance. To calculate the weights, eq. 3 was first fitted with ordinary least squares (OLS). The squared OLS residuals were then used to study their relationships with the independent variables. The initial total number of stems per hectare appeared to be the only variable related to the squared OLS residuals of the number of dead balsam fir trees per hectare, and the initial balsam fir volume per hectare appeared to be the only variable related to the squared OLS residuals of the merchantable volume of dead balsam fir. For both of these independent variables, we then formed eight groups of approximately 100 observations, and we calculated the variance of the residuals for each of these groups. The variance of the residuals was then modelled using a power function to find the best relationships between the variance of the residuals and the independent variables. According to these results, the weights used were the inverse of the initial total number of stems per hectare to the power 1.96 in the case of modelling the number of dead balsam fir trees per hectare, and the inverse of the initial balsam fir volume per hectare to the power 1.74 in the case of modelling the merchantable volume of dead balsam fir. Furthermore, the covariance structure SP(POW), with time interval as a power, was used to take into account the irregular time intervals between repeated measurements of each PSP (Moser 2004) . To assess the impact of different sources of mortality, particularly spruce budworm defoliation, we first submitted all the variables to the model. Then, to determine the variables that played a significant role in explaining the variation of balsam fir mortality (expressed as number of stems and merchantable volume), we successively eliminated those that were not significant (p > 0.05), beginning with the variables with the largest p value.
The two steps of the model development were included in a deterministic equation that was used to assess balsam fir mortality at the stand level:
where M is balsam fir mortality expressed either as the number of stems or the merchantable volume per hectare, P is the probability of survival for all balsam fir trees in a PSP over a time interval of t years, and M ′ is the balsam fir mortality calculated from PSP measurement intervals during which mortality occurred (eq. 3). A deterministic approach was preferred to a stochastic approach because this model is intended to be introduced in long-term growth and yield projections necessary for sustained yield calculations. As discussed by Belcher et al. (1982) , a stochastic approach typically produces a large amount of mortality during some years, while very little mortality can be observed during other years. Such patterns of mortality may be more representative of actual events over short time periods, but they could be inconsistent for long projection periods. Consequently, Belcher et al. (1982) recommend using a deterministic approach for projection periods exceeding 30 years.
Model evaluation
The performance of the whole model (eq. 4) was evaluated with the 524 PSPs that were not used for calibration. Since many of these PSPs had more than two measurement intervals, we were able to evaluate the model for each of these measurement intervals and for the entire period of time covered by the measurements. The model was evaluated using two statistics: the bias, i.e., the average of the differences between the observed and the predicted mortality, and the root mean square error of prediction (RMSEP), i.e., the square root of the sum of the differences between the observed and the predicted mortality.
Results
The first step of the model development consisted in predicting the probability of survival of all balsam fir trees in a PSP during a given time interval. The selection of the independent variables entering the model was performed with a logistic procedure using all available observations of the PSPs reserved for model calibration (n = 914). This model was then iteratively fitted to take into account the different observation periods of the PSPs. From the several variables submitted to the model, four of them contributed significantly (p < 0.05) to explain the probability of survival of balsam fir trees (Table 2 ). This probability was found to decrease with increasing values of stand age, number of balsam fir trees, ring-width reduction index, and total volume of balsam fir, while an increase on the proportion of balsam fir in the stand composition tended to increase the probability of survival ( Table 2 ). The goodness of fit of this model could not be evaluated by traditional statistics, such as R 2 or RMSE, because of the binomial nature of the data entering the model, while the resulting probabilities can take any value between 0 and 1. To overcome this problem, we compared the probability of balsam fir mortality (1 -P) with the occurrence of mortality in PSPs reserved for model validation. This was performed by creating arbitrary classes for four variables (Fig. 1) . The mean predicted probability of balsam fir mortality generally coincided with observed mortality within each class despite the occasionally large standard deviations that mainly occurred in the smallest values of mortality probability (Fig. 1) . For all observations of all PSPs in the validation data set, the mean predicted probability of balsam fir mortality was 91.4%, while balsam fir mortality was observed in 90.0% of the observations. The second step of the model development consisted in fitting two regression models to quantify the balsam fir mortality that occurred between two measurement periods of the PSPs. This was achieved with only observation periods during which balsam fir mortality actually occurred. For the first model, the number of dead balsam fir trees was significantly (p < 0.05) related to four variables that explained 41% of the variation and resulted in a RMSEP of 244 stems/ha (Table 2) . For the second model, the merchantable volume of balsam fir lost to mortality was predicted by a relationship including five variables that produced a R 2 of 43% and a RMSEP of 25.5 m 3 /ha (Table 2) . Spruce budworm defoliation impact, represented by the ring-width reduction index, appeared among the variables that were related to both the number and the merchantable volume of dead balsam fir trees ( Table 2 ).
The prediction model of balsam fir mortality corresponds to the product of the two preceding steps and is applicable to any stand dominated by balsam fir for time intervals varying from 5 to 31 years. This model was evaluated with an independent data set composed of 811 observations made in 524 PSPs distributed across the natural range of this species in the province of Quebec. Based on the %RMSEP values of the evaluation procedure, the prediction of the number of dead balsam fir trees (Table 3) was slightly less accurate than that of the merchantable volume of balsam fir lost to mortality (Table 3) . Biases associated with the prediction of both variables were relatively small, were not significantly different from zero, and were not affected by the prediction Note: Age is the average age of balsam fir trees determined at 1 m above ground level, V bf /V tot is the proportion of volume occupied by balsam fir in the stand, N bf × RWRI is the product of the number of merchantable balsam fir per hectare and the ring-width reduction index, N bf is the number of merchantable balsam fir per hectare, V bf is the volume (m 3 /ha) of balsam fir trees in the stand, H d is the balsam fir dominant height, t is the time interval between two measurements of a PSP, V bf × RWRI is the product of the merchantable volume of balsam fir per hectare and the ring-width reduction index, N is the number of observations, R 2 is the coefficient of determination, RMSEP is the root mean square error of prediction, χ HL 2 is the chi-square statistic of the Hosmer-Lemeshow goodness-of-fit test, and p is the probability associated with this test. horizon (Table 3) . However, the %RMSEP of both variables decreased with increasing prediction horizon, suggesting that more accurate prediction of mortality can be calculated over long periods of time.
Discussion
Model development
The mortality model was developed with a two-step approach to overcome model-fitting problems caused by the absence of mortality in many PSP observations (Woollons 1998; Fridman and Ståhl 2001; Eid and Øyen 2003; Álvarez González et al. 2004) . Consequently, the first step of the model consisted in predicting the probability that at least one balsam fir tree dies during the period separating two measurements of a given PSP. In our case, balsam fir mortality was recorded in 90% of the PSP observations, which is a considerably larger value than those found by Fridman and Ståhl (2001) , Øyen (2003), and Álvarez González et al. (2004) . The higher occurrence of mortality in our observations is likely caused by longer time intervals between two PSP measurements, which averaged 10 years (Table 1) , as compared with the 3-to 6-year period typically recorded by the preceding authors. The parameters estimated for eq. 2 allow a low probability of balsam fir mortality in stands characterized by young age, low stand density, low level of spruce budworm defoliation, and large proportion of volume occupied by balsam fir ( Table 2 ). The low probability of balsam fir mortality at young age seems contrary to the usually fast decrease of stand density at juvenile stage (Sprugel 1984) . However, such important reductions in stand density at young age predicted by self-thinning models take into account trees of all sizes, including saplings, while the present study only considered merchantable trees (DBH >9.0 cm). Since merchantable trees at juvenile stage are likely dominant, competition for resources is expected to be low, and mortality probabilities of these trees are accordingly low. Table 3 . Evaluation of the entire model (two steps) predicting the number and the volume of dead balsam fir trees between each successive measurements of permanent sample plots (PSPs) (shortest term) and between the first and the last measurement of each PSP (longest term).
volume occupied by balsam fir (Table 2) can be interpreted as a decreasing probability of balsam fir mortality with decreasing level of interspecific competition with fast-growing species such as white birch (Betula papyrifera Marsh.) or trembling aspen (Populus tremuloides Michx.). In general, the predicted probabilities of mortality occurrence computed by the logistic equation agree well with the observed values of the evaluation data set (Fig. 1) . This equation should thus contribute significantly to the whole mortality model (eq. 4) together with the equations quantifying the mortality in each observation of PSPs.
The amount of balsam fir mortality, expressed as number of trees and merchantable volume, was predicted by two equations developed in the second step of the model (Table 2). Both equations include the same type of independent variables that were related to the amount of balsam fir trees at the beginning of the prediction period (N bf or V bf ), the impact of spruce budworm defoliation during the prediction period (RWRI), the vertical development of the stand (H d ), and the prediction period (t). All other variables submitted to the model did not significantly explain the amount of balsam fir mortality once the variables indicated in Table 2 were included. This is particularly the case of the squared values of stand age, DBH, and dominant height (H d ) that were submitted to the model to capture a potential U-shaped mortality trend representing an increase of dead trees at old age due to senescence (Monserud and Sterba 1999) . Since a U-shaped mortality trend was not detected in both equations, it seems that stand decline at old age observed for many species (Monserud and Sterba 1999; Eid and Tuhus 2001; Yao et al. 2001; Yang et al. 2003; Pothier et al. 2004 ) is likely obscured in balsam fir dominated PSPs by the impact of factors such as spruce budworm defoliation or clear-cutting at younger ages.
The prediction of balsam fir mortality in the second step of the model development was associated with R 2 values below 50% and relatively high RMSEP values (Table 2) . However, such R 2 values are not unusual for mortality model, as shown by recent studies that produced R 2 values between 16% and 43% (Fridman and Ståhl 2001; Eid and Øyen 2003) . Moreover, Álvarez González et al. (2004) found a RMSEP of 83 stems/ha over a prediction horizon of 3-4 years in even-aged stands of Pinus radiata D. Don in Spain. Considering that those stands were not affected by insect defoliation, as were our balsam stands, the RMSEP of 244 stems/ha (Table 2) found in the present study over a mean prediction horizon of 10 years seems reasonable. Nevertheless, these results emphasize the fact that tree mortality is a complex and fairly unpredictable process for which there are many interrelated causes. For long-term predictions over large areas, a certain error level can be tolerated as long as it is not accompanied by a significant bias.
Path invariance is a sought after property of growth and yield models (Clutter et al. 1983 ) that produces the same predictions for different combinations of projection lengths. For example, with a path-invariant model, the final result of the projections from time t 1 to t 2 and then from t 2 to t 3 is identical to that of the projection from t 1 to t 3 . Although this property is normally held by difference equations (Woollons 1998) , it is not the case for our two-step approach that predicts a survival probability in the first step. This approach was chosen because we considered that it is more important to be able to predict total absence of merchantable balsam fir mortality, as in the cases of short-term projections and low defoliation level (Fig. 1) , than to have an analytically path-invariant model. However, our mortality model produced similar biases over two projection lengths (Table 3) . This suggests that the lack of path invariance is likely not a major concern.
Model evaluation
The whole mortality model (eq. 4), which includes the results of the two steps combined in a deterministic approach, was evaluated with an independent set of PSPs to test its performance and its reliability for large-scale predictions. This evaluation data set thus includes observations of PSPs with and without balsam fir mortality. The evaluation of mortality predictions was performed using two variables: the number of dead balsam fir trees and the merchantable volume of balsam fir mortality (Table 3) . Both variables were associated with substantial RMSEP, with balsam fir mortality computed in merchantable volume being slightly more precise than mortality computed in number of trees per hectare. Depending on the state of the stand, its diameter distribution, and the causes of mortality, among others, the number of dead balsam fir trees is possibly more variable among stands and thus more difficult to predict than the merchantable volume. However, both variables produced biases that were not significantly different from zero (Table 3) . This is a sought after characteristic for prediction over large areas because a given bias per hectare can take enormous proportions when applied to thousands of square kilometres typical of sustained yield calculations.
The evaluation data set allowed us to compare two different prediction horizons by computing bias and RMSEP for time periods between each consecutive PSP measurements (shortest term) and for time intervals separating the first and the last measurements of each PSP (longest term). Comparison of the results between the shortest and the longest terms for both the number of trees per hectare and the merchantable volume per hectare shows that the precent bias remains stable while the precent RMSEP decreases with increasing prediction horizon. This can be explained by the occurrence of unpredictable irregular mortality that can increase the prediction error over the short term (Eid and Øyen 2003) , while it is likely buffered over longer periods of time and then assimilated as regular predictable mortality. These results are reassuring for long-term predictions typical of sustained yield calculations and suggest that our balsam fir mortality model is adequate for our needs.
Impact of spruce budworm defoliation
Many variables representing spruce budworm impact were created from the historical defoliation records and then submitted to the second step of the mortality model (eq. 3). These variables were designed to represent differently the relative weight of the two levels of annual defoliation and the impact of defoliation events that occurred before the time interval defined by two consecutive PSP measurements. Among these variables, RWRI (eq. 1) was found to explain the largest part of the mortality variation among PSP observations. This result supports the hypothesis that mortality in-duced by spruce budworm defoliation is related to the diameter growth reduction of dominant balsam fir trees caused by this insect (Pothier et al. 2005) . Because the growth loss computed for a given year increases with increasing number of years of past defoliation during the last four years (eq. 1), the predicted annual rate of balsam fir mortality is thus maximized after more than four consecutive years of moderate to severe defoliation. This result is in accordance with the observations of Belyea (1952) , Blais (1958) , MacLean (1980), and MacLean and Piene (1995) who reported substantial mortality after 4-5 years of severe defoliation caused by spruce budworm.
Quantification of balsam fir mortality made in PSP observations within which mortality was actually recorded resulted in regression equations that include many explanatory variables (Table 2) . Apart from mortality induced by spruce budworm defoliation, these variables are related to stand density (N bf or V bf ), stand developmental stage (H d ), stand composition and structure (V bf /V tot ), and time interval between PSP measurements (t). The mortality explained by these variables can all be categorized as competition mortality. Therefore, spruce budworm defoliation events produce additional balsam fir mortality and (or) accelerate the selfthinning process that naturally occurs in dense stands (Peet and Christensen 1987) .
The parameters shown in Table 2 allowed us to calculate that spruce budworm defoliation can account for 6% to 100% of merchantable volume mortality that normally occurred in balsam fir stands depending on the outbreak severity. These percentages were calculated according to the different defoliation scenarios defined by Gray et al. (2000) for the last spruce budworm epidemic in Quebec. Balsam fir mortality was found to be proportional to the severity of the defoliation impact of these scenarios, which correspond to 1, 4, 8, and 12 consecutive years of moderate to severe defoliation (Fig. 2) . For similar outbreak severity, these estimations are comparable to those calculated for mature and immature balsam fir stands in New Brunswick (Erdle and MacLean 1999) . Merchantable volumes lost to mortality are larger in 50-year-old than in 25-year-old stands, suggesting that immature stands are less vulnerable to spruce budworm defoliation than mature stands (MacLean 1980; Erdle and MacLean 1999) . However, since the stand age did not significantly contribute to explain the volume lost to mortality (Table 2) , it seems that the greater mortality observed in older stands (Fig. 2) is more related to the larger size of the trees than to their age itself. This result is in accordance with those of Hatcher (1964) , who stated that mortality induced by spruce budworm in immature stands was proportionally similar to that observed in mature stands.
Site index, expressed as stand dominant height at a reference age, is an important characteristic of site productivity that is commonly used in growth and yield models and that was included in some models of mortality (Eid and Tuhus 2001; Eid and Øyen 2003; Álvarez González et al. 2004 ). Moreover, site index could affect stand vulnerability to spruce budworm because balsam fir mortality and site productivity were observed to be inversely related in stands of central Quebec (Dupont et al. 1991) . However, these findings were not supported by our results, since balsam fir mortality increases with increasing site index (Fig. 3) . When this mortality is expressed as a ratio of living merchantable volume determined from the model of Pothier and Savard (1998) , the percentage of dead volume remains constant across the range of site index for each defoliation scenario. Hence, the difference in volume of mortality among site index classes (Fig. 3) is only explained by the larger volume of live balsam fir trees in more productive sites at the beginning of an outbreak.
This model was developed to help predict tree mortality over long-term projections used in sustained yield calculations (time horizon typically over 100 years). The data required by this model of mortality are all available from growth and yield models, except RWRI that must be calculated from annual records of spruce budworm defoliation (eq. 1). Since this information is unknown, we suggest elaborating realistic scenarios of spruce budworm defoliation based on the present knowledge of the insect and of the target territory. First, for the purpose of sustained yield calculations, we can hypothesize that spruce budworm outbreaks will occur every 40 years (Boulanger and Arseneault 2004) . Second, the user's knowledge of the target territory (future stand age, composition, density, etc.) should help determine one or some defoliation scenarios that will likely occur for a projected outbreak. The characteristics of these defoliation scenarios can be based on the description of the annual sequences of defoliation severity observed by Gray et al. (2000) for the whole Quebec territory during the last spruce budworm outbreak. It will thus be possible to compute RWRI, which can be introduced into eq. 4 to forecast mortality induced by spruce budworm following a realistic scenario.
Conclusion
A two-step mortality model was developed for stands dominated by balsam fir at the scale of the Quebec boreal forest, a territory that covers over 650 000 km 2 . Prediction of balsam fir mortality was related to many variables representing regular mortality (competition) as well as irregular mortality caused by spruce budworm defoliation. Even though a large part of the variation in balsam fir mortality was not explained by these variables, the model evaluation demonstrated that it was unbiased and that its precision was improved when applied to a longer prediction horizon. We thus confirmed our initial hypothesis that stated that standlevel mortality due to spruce budworm can be modelled using historical defoliation records and stand-level dendrometrical variables. Therefore, such a mortality model should be introduced in sustained yield calculations to enhance long-term simulations. These simulations should include realistic spruce budworm defoliation scenarios based on the species regular cycle of return and on its outbreak severity, which depends on forest composition and some other ecological factors. Such a model should contribute to improve the forecasts of standing wood volume and thus respect an important criterion of sustainable forest management.
